Objective: To track the effects of fingolimod, an approved drug for multiple sclerosis (MS), on the activation of myeloid cells from the periphery to the CNS.
fingolimod significantly inhibits reactivity of human monocytes; (2) oral administration of fingolimod to EAE mice attenuates the inflammatory phenotype of myeloid cells in the spleen and CNS; (3) monocytes from fingolimodtreated patients with MS display impaired activation compared with monocytes from control participants. These data suggest that, in addition to the well-known sequestration of the immune cells within lymphoid organs, fingolimod may induce immunosuppression by altering the reactivity of circulating, CNSinfiltrating, and CNS-resident myeloid cells.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the local ethics committee and written informed consent was obtained from all study participants.
All procedures involving animals were authorized by the local institutional ethical animal committee and by the Italian General Direction for Animal Health at the Ministry for Health.
Human participants and blood sampling. Blood was drawn from patients with fingolimod-treated MS, patients with untreated MS, and healthy individuals. Patients with MS were adults of European ancestry with a relapsing-remitting course of the disease according to McDonald criteria 14 and did not have any other acute or chronic inflammatory or autoimmune disorders. At sampling, all patients with MS were in the remission phase of disease. The untreated MS group included 7 patients (5 women, 2 men; mean age 38.9 6 9.2 years; mean Expanded Disability Status Scale [EDSS] score 1.4 6 0.3). Five of these patients with MS had not received any immunosuppressive or immunomodulatory therapy before sampling, whereas 2 patients, who had been treated with steroids at relapse and one of whom had previously received immunomodulatory drugs, were free from any therapy in the 18 months preceding blood sampling for this study. Patients with fingolimod-treated MS (n 5 11, 6 women, 5 men; mean age 39.8 6 9.8 years; mean EDSS 2.1 6 1) had received 0.5 mg fingolimod daily with a mean treatment duration of 18 6 0.7 months. Before starting fingolimod therapy, 8 patients with MS had been treated with immunomodulatory drugs, whereas 3 patients with MS had not received any immunosuppressive or immunomodulatory therapy. Blood sampling was performed at least 3 months from treatment with steroids. The group of healthy donors included 8 participants (5 women, 3 men; mean age 30.5 6 4.9 years).
Isolation and analysis of human peripheral blood mononuclear cells. Peripheral blood mononuclear cells (PBMC) were isolated from anticoagulated whole blood using discontinuous density gradient as previously described, 15 and immediately processed for the in vitro assays as detailed in the supplemental data at Neurology.org/nn. EAE induction and treatment. EAE was induced in 7-weekold female C57BL/6N mice (Harlan Laboratories, Udine, Italy) and animals were assessed for clinical signs of EAE as previously described. 15, 16 Fingolimod (FTY720, 3 mg/kg body weight, same batch used in reference 8; Selleckchem, DBA Italia, Milan, Italy) was given by oral gavage once daily starting 3 days after the appearance of the first clinical sign of disease. Control mice received administration of vehicle (0.9% NaCl physiologic solution). Experimenters were blind to treatment regimen of EAE mice.
Isolation and analysis of immune cells from spleen and CNS of EAE mice. At day 33 after immunization, both vehicleand fingolimod-treated mice were anaesthetized and perfused with phosphate-buffered saline. Splenocytes and CNS cells were then isolated and analyzed by flow cytometry as detailed in the supplemental data.
Statistical analysis. Normality of the distribution was assessed by Kolmogorov-Smirnov statistics and significance was measured by Student t test with homeostatic variance in case of normal distribution or by Mann-Whitney U test in case of non-normal distribution. For statistical evaluation of EAE clinical score, linear regression analysis with 95% confidence interval was used. All p values were 2-sided and subjected to a significance level of 0.05.
RESULTS
In vitro exposure to fingolimod inhibits monocyte activation. To evaluate fingolimod action on human myeloid cells, we performed in vitro immunologic assays where PBMC from healthy donors were preincubated with increasing fingolimod concentrations and then stimulated with a saturating dose of the monocyte activator lipopolysaccharide (LPS) for 18 hours (100 ng/mL 17 ). First, cell staining for a vital dye (7-AAD) was evaluated at flow cytometer. After gating on monocytes in forward scatter vs side scatter plot, we compared the frequencies of 7-AAD1 cells under the different conditions. As shown in figure 1 , the percentage of dead cells was low in both unstimulated and stimulated cultures, and did not change in cultures exposed to fingolimod (figure 1), indicating that fingolimod was not toxic to monocytes at any dose. We then analyzed the LPSmediated induction of specific activation markers on viable monocytes in the same cultures. A previous study of our group defined that human monocytes respond to LPS stimulation via upregulation of a series of activation markers, including CD25 and CD150. 18 Accordingly, we observed that stimulation with LPS for 18 hours effectively induced surface expression of CD25 and CD150 on human monocytes (middle panels in figure 2 , A and C, pale purple bars in figure 2, B and D) . Notably, preincubation with fingolimod reduced the percentage of CD25-and CD150-positive cells at all compound doses (third panels in figure 2 , A and C, light purple, purple, and dark purple bars in figure 2 , B and D). Previous publications of our group characterized the dose response of human monocytes to LPS and showed that induction of activation markers starts at 150 pg/mL LPS and reaches a plateau at LPS concentrations .1 ng/mL. 17, 18 When repeating the immunologic assays using nonsaturating LPS (600 pg/ mL), fingolimod-mediated inhibition of monocyte activation was stronger at 600 pg/mL LPS than at 100 ng/mL LPS ( figure 2E) . Further, the drug decreased LPS-mediated tumor necrosis factor-a (TNF-a) production as detected in culture supernatants by ELISA ( figure 3) .
Overall, these in vitro data indicate that fingolimod may impair responsiveness of human monocytes to activation and that its efficacy may depend on the strength of activating stimuli.
Treatment of EAE with fingolimod reduces TNF-a production by myeloid cells in the periphery and in the CNS. We performed EAE experiments to evaluate whether fingolimod modulates activation of myeloid cells in vivo during neuroinflammation. Administration of fingolimod at disease onset is effective in ameliorating EAE, as shown in a recent publication of our group. 8 For the current study, we started treatment 3 days after disease onset to isolate sufficient numbers of immune cells from each EAE mouse for phenotypical analyses. EAE was induced in C57BL/6 wild-type mice with myelin oligodendrocyte glycoprotein (MOG) peptide, and a group of animals was treated with 3 mg/kg/d fingolimod by oral administration, while the control group received vehicle. Daily observation of the clinical state revealed a milder chronic phase in fingolimodtreated mice compared to vehicle-treated group (figure 4A). In fact, clinical curves synchronized for time from immunization or for treatment duration were significantly different in the 2 groups (figure 4A). On day 33 postimmunization, spleen cells from both vehicle-and fingolimod-treated EAE mice were isolated, briefly reactivated in vitro with LPS, stained for surface lineage markers CD45 and CD11b and for intracellular TNF-a, and analyzed by flow cytometry (figure 4, B and C). Interestingly, whereas about 10% of CD451 CD11b1 macrophages of vehicle-treated EAE mice produced TNF-a, only 5% of spleen macrophages isolated from fingolimod-treated EAE mice stained positive for the inflammatory cytokine (p , 0.05; figure 4 , B and C). Similar experiments were performed on myeloid cells isolated from the CNS of EAE mice, and CNS-infiltrating macrophages and resident microglia, defined as CD45 high CD11b1 and CD45 low CD11b1 Ly6C 2 cells, respectively, were analyzed separately ( figure 4D , left panels). Representative dot plots for TNF-a staining of cells from vehicle-and fingolimod-treated EAE mice are shown in the middle and right panels in figure 4D . Similarly to spleen myeloid cells and in line with the mild clinical amelioration, macrophages and microglia in the CNS of fingolimod-treated EAE mice showed about 30% reduction in the percentage of TNF-a-positive cells compared with cells from vehicle-treated mice (8.1% vs 5.7% and 13.5% vs 9.7% for macrophages or microglia, respectively, in vehicle-treated vs fingolimodtreated mice, p , 0.05 figure 4E ).
Taken together, these results show that therapy of experimental MS with fingolimod attenuates TNF-a synthesis by myeloid cells both in periphery and in the CNS.
Treatment of MS with fingolimod impairs monocyte reactivity. Taking into consideration the antiinflammatory effect exerted by fingolimod treatment on peripheral myeloid cells in the EAE model, we set up ex vivo immunologic assays to monitor monocyte activation in patients with fingolimod-treated MS and compared it to that in controls. We recruited 11 fingolimod-treated patients, 7 patients with untreated MS, and 8 healthy participants, isolated PBMC, and assessed LPS-induced expression of CD25 and CD150 on CD141 monocytes for each individual. Note that in these experiments immune cells were not exposed to fingolimod in vitro. Figure 5A shows that the percentage of CD25 and CD150 induced by saturating LPS concentrations (100 ng/mL) on monocytes from patients with fingolimod-treated MS was not significantly different from that present in cells from healthy participants or patients with untreated MS. On the contrary, when cells were stimulated with low/intermediate LPS concentrations, monocytes from patients with fingolimod-treated MS were resistant to activation compared with cells from control participants, as the fraction of CD25-or CD150-positive monocytes in treated patients was much lower than in controls. Figure 5B shows representative stainings for the activation markers at 600 pg/mL LPS in the 3 groups, and figure 5C depicts the LPS-induced activation curves for CD25 and CD150 for each participant and the group means. Despite interindividual variability, a lower proportion of monocytes upregulated CD25 and Fingolimod does not alter human monocyte viability
Peripheral blood mononuclear cells from healthy donors were briefly exposed to increasing concentrations of fingolimod (0.1 mM, 1 mM, and 10 mM) or vehicle, and left in culture for 18 hours, eventually in the presence of 100 ng/mL lipopolysaccharide (LPS). Dead cells were stained with the vital dye 7-AAD and measured at flow cytometer. Monocytes were gated in forward vs side scatter plot. Graph depicts the frequency of cell death in unstimulated or LPS-stimulated cultures after exposure to fingolimod. Data were obtained from 3 independent experiments. Bars represent SEM.
CD150 in patients with fingolimod-treated MS in the low LPS dose range. For example, the percentage of monocytes expressing CD25 at 600 pg/mL LPS in the fingolimod-treated MS group was 1.7%, compared to 12.5% and 15.2% of monocytes from patients with untreated MS and healthy participants, respectively (p , 0.001; figure 5C , mean curves). The 2 control groups did not differ apart from a lower percentage of CD150-positive monocytes at 600 pg/mL and at 100 ng/mL LPS in patients with untreated MS compared to healthy controls. These results indicate that treatment with fingolimod raises the activation threshold of human monocytes in vivo.
DISCUSSION In this study, we provide evidence for an effect of fingolimod on myeloid cells in vitro and in vivo. In vitro exposure of PBMC to the compound impaired responsiveness of human monocytes to LPS stimulation by reducing expression of the activation markers CD25 and CD150 and of the inflammatory cytokine TNF-a. Accordingly, oral administration of fingolimod to EAE mice attenuated the inflammatory phenotype of myeloid cells residing in the periphery and in the CNS. Finally, ex vivo monitoring of monocyte reactivity in fingolimod-treated patients with MS and controls demonstrated that therapy with fingolimod lowered monocyte susceptibility to activation. These results shed new light on the role of S1P signaling pathway in myeloid cells and on the mechanism of action of fingolimod. S1P is an important bioactive lipid mediator regulating cellular processes like growth, survival, and differentiation. 19, 20 It is synthesized from sphingosine by the action of sphingosine kinases and degraded by S1P lyase, whose constitutive activity keeps S1P levels low in most tissues with the exception of blood and lymph.
21 S1P regulates immune functions by binding specific plasma membrane G protein-coupled receptors (S1P1-5) or acting on intracellular targets. S1P receptors are widely expressed on innate and adaptive immune cells. [9] [10] [11] [12] [13] 22 The well-known function of S1P signaling in immunity regards the regulation of immune cell trafficking, as the different S1P concentration between lymphoid tissues and circulation creates the S1P gradient used by mature T lymphocytes to leave lymphoid organs. 21 A few reports in the literature suggest that S1P signaling may regulate immune cell functions like proliferation and cytokine production. 22 In myeloid cells, S1P pathway protects from apoptosis, regulates phagosome maturation, and induces cytokine release. 23 Thus, our hypothesis was that targeting S1P receptors with fingolimod could alter some myeloid cell functions. Limited information is present in the literature regarding this issue. In vitro studies have shown that exposure to fingolimod may reduce the production of inflammatory cytokines by CD40L-stimulated human monocyte-derived macrophages, 12 or LPS-activated mouse monocytes, dendritic cells, or microglia, 13, 24, 25 suggesting that the drug may interfere with myeloid cell activation in the periphery and in the CNS. We verified it with our exploratory in vitro studies, where human monocytes from peripheral blood were briefly exposed to fingolimod and activated with LPS. These data indicate that in vitro blockade of S1P signaling via fingolimod does not alter cell viability but impairs myeloid cell reactivity. In fact, LPS-mediated induction of the activation markers CD25 and CD150 and the release of TNF-a were much lower in fingolimod-treated cultures compared with control cells. This effect was not due to cell death as toxicity induced by the drug was excluded. Recent evidence by Lewis et al. 24 indicates that a single dose of fingolimod is sufficient to cause accumulation of monocytes in rodent spleen and bone marrow, thus reducing myeloid cell number in circulation. Further, it decreases the expression of activation markers on blood monocytes from naive mice and cytokine release by monocytes of LPS-challenged mice. 24 A drop in the number of circulating monocytes has been reported in EAE animals treated daily with the drug 24 ; however, the effect of the therapy on myeloid cell activation during neuroinflammation in rodents has not been addressed in any study to our knowledge. Our ex vivo investigations in the EAE model provide evidence for an inhibitory effect of fingolimod on myeloid cells in the lymphoid organs and the CNS. In fact, the fraction of TNF-a-producing splenic, CNS infiltrating, or CNS resident myeloid cells was lower in fingolimod-treated mice than in control mice. Interestingly, intraperitoneal administration of fingolimod to an animal model of atherosclerosis modulates LPS-elicited production of inflammatory mediators by peritoneal macrophages. 26 Together with our results, this evidence indicates that, as part of its mechanism of action, fingolimod targets innate immunity in vivo regardless of the administration route. The relevant observation in our study is that this action is not restricted to the periphery but extended to the target organ of experimental neuroinflammation, the CNS, raising the possibility that cerebral innate immunity in patients with MS may be regulated by fingolimod treatment, an issue that deserves further investigation.
Regarding the effects of fingolimod therapy on immune cells in circulation, it reduces the absolute number of B and T lymphocytes 27, 28 but not of monocytes in peripheral blood of patients with MS, 25 so that the percentage of myeloid cells within PBMC is increased in patients with treated MS compared to controls. 28 The levels of common surface markers of monocytes (e.g., CD86, HLA-DR) do not change under treatment. 25 However, these proteins are not indicative of a functional state as abundantly expressed already in resting cells. In contrast, short ex vivo stimulation assays followed by detection of activation-induced markers may highlight Figure 3 Fingolimod inhibits TNF-a secretion by human monocytes
Peripheral blood mononuclear cells from healthy donors were briefly exposed to increasing concentrations of fingolimod (0.1 mM, 1 mM, and 10 mM) or vehicle, and left in culture for 18 hours, eventually in the presence of 600 pg/mL or 100 ng/mL lipopolysaccharide (LPS). Supernatants were collected and tumor necrosis factor-a (TNF-a) levels were detected by ELISA assay. Data of a representative experiment are shown. Bars represent SEM. *p , 0.05; ***p , 0.001.
treatment-related functional alterations. 17, 25 Interestingly, CD1c1 DC and monocytes from patients with fingolimod-treated MS show impaired LPS-mediated production of IL1b but not of other inflammatory mediators. 28 The possibility that fingolimod can act on the activation threshold of myeloid cells was not addressed in these experiments, as a single saturating dose of LPS was used. To translate to human our observation that the drug may alter myeloid cell activation in vitro and in the EAE model, we tested monocyte reactivity from patients with treated MS and controls by ex vivo stimulation assays previously developed by our group. 17, 18 Here we show that therapy of MS with fingolimod strongly raises the activation threshold of human monocytes. The implications for MS are numerous. It is well-known that in MS lesions activated macrophages and microglia outnumber lymphocytes, phagocyte myelin, and release toxic mediators. 29, 30 Thus the observation that blockade of S1P signaling via fingolimod impairs myeloid activation supports the hypothesis of an anti-inflammatory tissue protective effect exerted by the drug in the CNS. Theoretically, the reduced propensity of myeloid cells to initiate the inflammatory program may have an impact on the activation of T lymphocytes or skew T-cell differentiation from an inflammatory to an anti-inflammatory or regulatory phenotype. Indeed, in vitro treatment of mouse bone marrow-derived DC with fingolimod impairs the ability of the myeloid cells to activate myelin-reactive T lymphocytes. 25 In MS, fingolimod affects the number of Th17 cells in blood 31 and the frequency of interferong-producing CD4 and CD8 T lymphocytes in shortterm T cell lines, 31, 32 while increasing the frequency of circulating regulatory T lymphocytes. 31, 32 These findings may be the result of altered T-cell differentiation or of selective retention of distinct immune cell subsets in secondary lymphoid organs. Appropriate studies in the disease model are required to clarify this issue. Overall, Figure 4 Therapeutic administration of fingolimod during EAE reduces myeloid cell activation in the spleen and CNS we may envisage that treatment with fingolimod suppresses the generation of inflammatory antigen-specific T-cell responses via modulation of myeloid cell activation. Though beneficial for the control of encephalitogenic T cells in MS, this scenario may imply impairment of innate and adaptive immune responses to pathogens. Our ex vivo study clearly shows that at saturating stimulation conditions no difference in monocyte activation can be detected between patients with fingolimod-treated MS and controls. Further, the frequency of T lymphocytes against influenza following vaccination is similar in patients with treated MS and healthy controls. 33 However, recent studies indicate that patients with fingolimod-treated MS display reduced humoral responses to vaccination with novel or recall antigens and higher rates of varicella-zoster virus infection compared with placebo recipients. 34, 35 A rare but serious complication in immunocompromised individuals is the development of progressive multifocal leukoencephalopathy (PML) caused by JC virus reactivation. This event has been associated with natalizumab treatment in patients with MS 36 and has been reported in a few patients with MS after switching from natalizumab to fingolimod. 37 Whether fingolimod alone alters immune surveillance to JC virus remains under investigation. Up to now, only one PML case has been reported in a patient with fingolimod-treated MS who had not been exposed to natalizumab previously (Novartis; Basel, Switzerland).
We have described a practical immunologic test that measures large and reproducible effects associated with the treatment despite the small sample size. We propose our ex vivo assay for monitoring monocyte function in large cohorts of patients with MS starting fingolimod treatment to correlate the immunologic response with therapeutic efficacy.
Overall, we have demonstrated that blockade of S1P signaling via fingolimod impairs myeloid cell activation in vitro, in EAE, and in MS. This observation extends the current knowledge about the mechanism of action of this drug, and may have important clinical implications, which need to be explored in future studies.
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